Trehalose, a non-reducing disaccharide, is widespread throughout the biological world. It is the major blood sugar in insects playing a crucial role as an instant source of energy and in dealing with abiotic stresses. The hydrolysis of trehalose is under the enzymatic control of trehalase. The enzyme trehalase is gaining interest in insect physiology as it regulates energy metabolism and glucose generation via trehalose catabolism. The two forms of insect trehalase namely, Tre-1 and Tre-2, are important in energy supply, growth, metamorphosis, stress recovery, chitin synthesis and insect flight. Insect trehalase has not been reviewed in depth and the information available is quite scattered. The present mini review discusses our recent understanding of the regulation, mechanism and biochemical characterization of insect trehalase with respect to its physiological role in vital life functions. We also highlight the molecular and biochemical properties of insect trehalase that makes it amenable to competitive inhibition by most glycosidase inhibitors. Due to its crucial role in carbon metabolism in insects, application of inhibitors against trehalose can form a promising area towards formulating strategies for insect pest control.
Introduction
The discovery of trehalose dates back to the early 19th century when Wiggers first reported this sugar in rye ergot and subsequently in mushrooms, naming it "mycose". Later, Berthelot isolated this sugar from "trehala manna", a substance made by weevils and called it "trehalique glucose" or trehalose (Elbein et al. 2003 ) ( Figure 1A ). Trehalose, a non-reducing disaccharide, is found in many organisms across the plant and animal kingdom including bacteria, algae, yeast, fungi, plants, nematodes and insects but is absent in vertebrates. Trehalose serves multiferous roles in these organisms such as being a structural component in bacterial cell wall, growth regulator and carbon source in plants and fungi, source of energy in insects and as a compatible solute to combat environmental stresses (Asano 2003 and references therein). In insects, trehalose forms the major hemolymph sugar and is synthesized in the fat body following a pathway that involves two enzymes, namely, trehalose-6-phosphate synthase (TPS; EC 2.4.1.15) and trehalose 6-phosphate phosphatase (TPP; EC 3.1.3.12). TPS catalyzes the transfer of glucose from UDP-glucose to glucose 6-phosphate forming trehalose 6-phosphate (T6P) and UDP, while TPP dephosphorylates T6P to trehalose and inorganic phosphate ( Figure 1B ). This stored energy reserve in the form of trehalose is hydrolyzed by trehalase (EC 3.2.1.28) to meet the energy demands for flight and development (Candy and Kilby 1961; Becker et al. 1996; Reyes-DelaTorre et al. 2012) . It must be noted that although different organisms may follow different pathways for the biosynthesis of trehalose, trehalase remains the only enzyme known for the irreversible splitting of this sugar in all organisms (Avonce et al. 2006) . Trehalase is thus an evolutionarily old and well-conserved protein which in recent years has been exploited as a target to develop compounds having insecticidal activity against dipteran pests (Forcella et al. 2010) . To the best of the authors' knowledge, this mini review is the first effort towards compilation of the existing literature on the phylogeny, physiology and mechanism of action of insect trehalase. Progress in our understanding of the molecular characterization of trehalase along with the recent efforts on studying this enzyme as a novel target for pesticides has been highlighted.
Trehalase

Occurrence and phylogeny
Trehalase, a glycosidase, was first observed in Aspergilus niger in 1893 and was reported subsequently for its role in Saccharomyces cerevisiae. Since then, trehalase has been explored and characterized in organisms as diverse as bacteria, yeast, fungi, nematodes, plants, insects and certain vertebrates (Jorge et al. 1997) . In humans and most mammals, trehalase is found in the brush borders of the intestinal mucosa, kidney, liver and blood plasma (Sanker and Sivakami 1990) . With the exception of vertebrates where trehalase is required for the degradation of ingested trehalose, in other animal groups it is involved in diverse physiological processes including carbohydrate metabolism, resumption of growth in certain resting cells, germination of spores in fungi, recovery from stress conditions, etc. (Barraza and Sánchez 2013 and references therein) . Phylogenetic studies based on trehalase sequence analysis revealed three major branches: one, originating from bacteria, the other arising from plants and animals and another branch arising from fungi (neutral and acid trehalases). Comparative analysis between several predicted trehalase structures including the only available crystallographic structure of bacterial trehalase obtained from Escherichia coli, that is, Tre37A (PDB code 2WYN) indicated that the structure of trehalase is highly conserved though marked differences occur at the sequence level (Barraza and Sánchez 2013) . This suggested that eukaryotic trehalases might have diversified from those of bacteria in contrast to the previously proposed eukaryotic origin.
Insect trehalase
Insect trehalase has been shown to exist in two distinct forms, Tre-1 as the soluble form, while Tre-2 being the membrane bound form (Figure 2A and B). Tre-1 has been purified from hemolymph, cavity of goblet cells in midgut and from egg homogenates of some insects (Kalf and Rieder 1958; Huber and Lefebvre 1971; Valaitis and Bowers 1993; Huang et al. 2006; Silva et al. 2009 ). On the other hand, Tre-2 has been described in flight muscles, follicle cells, ovary cells, spermatophore, midgut, brain and thoracic ganglia (Gussin and Wyatt 1965; Candy 1974; Fisch et al. 1976; Shimada and Yamashita 1979; Strang and Clement 1980; Takiguchi et al. 1992; Wegener et al. 2003) . Tre-2 is believed to face the blood side, degrading the extracellular trehalose (Mitsumasu et al. 2005) . The glucose so generated then enters into the cell and is utilized for physiological activities. Although trehalase activity in insects is prominent in almost all developmental stages, its temporal expression patterns differ from insect to insect (Gu et al. 2009; Chen et al. 2010; Xie et al. 2013) . In insects, trehalose content varies between 5 and 50 mM depending on environmental conditions, physiological state and nutrition (Thompson 2003) . The mechanism for regulation of trehalase is not fully understood; however, trehalase activity in various insects is believed to be partly under hormonal control (Figure 3 ). For instance, in certain diapausing insect larvae, juvenile hormone ensures complete growth during diapause by controlling trehalase activity. Further, enhanced trehalase activity has been found at the end of diapause following which pupation begins, an observation that has been experimentally tested by exposing diapausing larvae to juvenile hormone analog (JHA) (Singtripop et al. 1999 ). In addition, ecdysone (20E) in insects functions similar to JHA leading to pupation (Ogiso and Takahashi 1984; Mitsumasu et al. 2008) . Diapause hormone has been reported to induce embryonic diapause by modulating Tre-2 activity in the oocytes of Bombyx mori (Kamei et al. 2011) . The increase in trehalase activity at the end of diapause justifies the energy requirements before the beginning of pupation and further metabolic activities. Thus, these hormones play a role in controlling stage-specific insect development by regulating trehalase activity. In addition, certain other environmental stressors have indicated changes in trehalase expression in insects (Benoit et al. 2009; Mitsumasu et al. 2010; Reyes-DelaTorre et al. 2012; Thorat et al. 2012) . Recently, the effects of pesticides and inhibitors have also been shown to modulate soluble trehalase activity (Ge et al. 2011; Zhao et al. 2011 ).
Biochemical properties, classification and mechanism of action of insect trehalase
The latest classification system of glycoside hydrolases (GHs) based on their amino acid sequence similarity is known as carbohydrate-active enzymes (CAZy) (Lombard et al. 2014) . GHs use any one of the two catalytic mechanisms, either retaining or inverting. Trehalase is an inverting glycosidase which yields products with opposite stereochemistry to the substrate Henrissat et al. 1995; Zechel and Withers 2000) (Figure 4 ). Thus, trehalose being composed of two α glucose units is split into one α and one β glucose molecule upon hydrolysis by trehalose. Currently, GHs constitute 113 protein families in CAZy database wherein trehalase pertains to families 15, 37 and 65. Families 15 and 65 cover trehalase along with few other enzymes while family 37 includes only trehalase.
Catalytic residues and subsites
These three families (15, 37 and 65) belonging to two different GH clans involve different catalytic residues. Both the trehalase families, 15 and 65, indicate bacterial and fungal origin with glutamic acid (Glu) residue as the common proton donor. However, the two families differ in their nucleophilic group wherein the nucleophile in family 15 is Glu while that in family 65 is water. The catalytic residues of trehalases grouped under family 37 possess Glu as nucleophile while aspartic acid (Asp) acts as the proton donor ( Figure 5 ). Studies on site-directed mutant enzymes in Spodoptera frugiperda revealed the importance of three arginine residues in the trehalase active site along with the acidic residue Asp and basic residue Glu (Silva et al. 2010) . Inhibition studies provided significant information regarding the nature of active site and mechanism of action of trehalase (Asano et al. 1996; Gibson et al. 2007; Cardona et al. 2009 ). Trehalase hydrolyzes trehalose to give an equimolar mixture of α-D-glucose and β-D-glucose. The enzyme possesses two putative subsites for binding two glucose units: subsite +1 as the "recognition site" or "subsite 2" and subsite −1 as the "catalytic site" or "subsite 1" (Silva et al. 2004; Gibson et al. 2007; Bini et al. 2012 ) ( Figure 6A ). Experiments with porcine kidney trehalase against different trehalase inhibitors suggested that the substrate requires correct D-glucose configuration with C 2 -OH group for binding at the catalytic site (Asano et al. 1996) . Preliminary idea of the presence of two subsites in trehalase came from experiments based on multiple inhibition analysis showing that the two competitive inhibitors Tris and methyl-α-glucoside simultaneously bind to the trehalase active site (Silva et al. 2004 ).
Biochemical properties
Insect trehalase ranges from 60 to 140 kDa in molecular weight and the two forms, namely Tre-1 and Tre-2, basically differ in three aspects: localization, size and kinetic properties (Table I) . Tre-2 possesses a transmembrane domain and is usually larger while Tre-1 lacks a transmembrane domain (Gu et al. 2009; Santos et al. 2012; Zhang et al. 2012; Xie et al. 2013) . Results demonstrating periodic acid Schiff's staining and binding to concanavalin A affinity chromatographic column indicated that trehalase is a glycoprotein (Sumida and Yamashita 1983; Ogiso et al. 1985; Forcella et al. 2010) . According to preliminary reports, the optimum pH range for trehalase activity is 5-7. As revealed by isoelectric focusing, Tre-2 has a lower pI value when compared with Tre-1. The K m value of Tre-2 has also been shown to be lower than that of Tre-1. Enzyme inhibition by Tris has been observed in some reports without any significant effect of divalent ions and metal cations on enzyme activity (Kalf and Rieder 1958; Duve 1972; Terra et al. 1978; Huang et al. 2006; Tang et al. 2008) . Under standard assay conditions, trehalase was found to be specific to trehalose when tested against a variety of carbohydrates including α-linked disaccharides and glucosides, confirming that trehalase is not a general α-glucosidase (Kalf and Rieder 1958) . Various assays employed for the trehalase activity estimation include 3,5-dinitrosalicylic acid method, Somogyi-Nelson method, glucose oxidase-peroxidase method and hexokinase glucose-6-phosphate dehydrogenase method (Takiguchi et al. 1992; Gu et al. 2009; Forcella et al. 2012; Santos et al. 2012; Xie et al. 2013 ). All these assays determine the amount of glucose liberated by trehalase using trehalose as the substrate.
Molecular characterization of insect trehalase
Trehalase from several insect species belonging to diptera, orthoptera, hemiptera, hymenoptera and lepidoptera has been cloned and characterized in the last few years (Bin et al. 2012 and references therein).
Conserved regions
In general, the size of the coding sequence in insect trehalase genes is approximately 2 kb and consists of a few common domains and conserved regions. Most of them possess a signal sequence, two trehalase signature motifs and a glycine-rich region ( Figure 6B ). Multiple alignment of amino acid sequences show the presence of a glycine-rich region (GGGGEY) and two signature motifs or "tag structures" (PGGRFIEFYYWDSY and QWDFPNVWPP) among all insect trehalases. The protein sequence also contains three to six potential N-linked glycosylation sites (Barraza and Sánchez 2013) . Five other conserved sequences, DSKTFVDMK, IPNGGRV/IYY, RSQPPF/LL, GPRPESYREDI and ELKAG/ AAESGMDFSSRWFV, have also been reported in dipterans Xie et al. 2013) .
Transmembrane region
A 20-23 amino acid long hydrophobic transmembrane domain exists as the membrane bound form near the C-terminus (Ishihara et al. 1997; Mitsumasu et al. 2005; Santos et al. 2012; Zhang et al. 2012 ) ( Figure 6B ). However, Tre-1, the soluble form of trehalase is devoid of this membrane spanning region. Similar to humans, in Anopheles, Tre-2 contains an omega site upstream to the hydrophobic region. This site is cleaved for glycosylphosphatidylinositol attachment at the C terminus (Su et al. 1994) . Despite the fact that trehalases are highly conserved proteins, all known coding sequences usually diverge at the N and C terminal (Tang et al. 2008; Bin et al. 2012 ).
Biological role of insect trehalase
Growth and development, energy supply for flight, regulation of chitin biosynthesis and recovery from abiotic stress are important physiological roles of trehalase in insects. The enzyme has been functionally characterized using different inhibition approaches including RNA interference (RNAi) and potent inhibitors (Figure 7 ).
Sugar metabolism and growth
Trehalase converts the insect sugar reserve trehalose into glucose which is then utilized to release energy. This stringent control of trehalase is responsible for the regulation of trehalose concentration vital for normal functioning by a phenomenon known as enantiostasis which ensures the maintenance and conservation of metabolism in response to environmental variations (Wharton 2009; Thompson 2003) (Figure 8 ). Therefore, one can expect fatal consequences by inhibiting trehalase activity. RNAi studies reported weight loss and death in brown plant hopper (Laodelphax striatellus). Silencing of trehalase genes has not only been reported for its lethal effects by decreasing the mRNA expression and enzyme activity but has also shown to prevent normal growth and development ).
Metamorphosis and reproduction
As mentioned earlier, specific molting and growth hormones ensure normal growth of insects at different developmental stages by regulating trehalase activity. Injection of certain trehalase inhibitors into insect larvae have led to unsuccessful pupation and lethal metamorphosis into the adult (Asano et al. 1996; Wegener et al. 2003) . The larvae and pupae of Spodoptera exigua treated with double-stranded RNA of Tre-1 and Tre-2 produced unusual and anomalous phenotypes like severe-abnormal, abdomen-abnormal, misshapen-wings and half-eclosion (Chen et al. 2010 ). Association of Tre-2 with oogenesis was also described in insects like Rhodnius prolixus and Bombyx mori. It was therefore hypothesized that this membrane bound trehalase contributes to sugar accumulation in the oocytes for the sustenance of development and viability of embryonic stages (Su et al. 1994; Kamei et al. 2011 ). 
Flight
Insect flight muscles are the most energy-demanding tissues and are known to sustain the highest metabolic rates of all animal tissues. Flight muscles use different energy-rich molecules (glucose, glycogen, trehalose, proline, phosphoarginine and lipids) to produce energy during flight (Reyes-Dela Torre et al. 2012) . In flight muscles of many insects, the concentration of trehalose generally decreases in the initial period of flight and remains low during long flight durations. Prolonged flight causes glycolysis in flight muscles for which trehalose reserves are catabolized by trehalase. Inhibition of Tre-2 in flight muscles of Locusta migratoria by the inhibitor trehazolin caused severe hypoglycemia. The toxic effects of the inhibitor were found to be neutralized upon glucose feeding which confirmed that trehalase provides glucose for meeting the energy requirements during insect flight (Wegener et al. 2003) . Moreover, the stress caused due to administration of sublethal dose of three insecticides imidacloprid, triazophos and deltamethrin enhanced the flight capacity of Nilaparvata lugens by increasing the trehalase activity and causing hypotrehalosemia (Ge et al. 2011; Zhao et al. 2011 ).
Chitin synthesis
Insect cuticle is composed of chitin, a polymer of N-acetyl-β-D-glucosamine. During the process of ecdysis, the chitinous exoskeleton in insects is periodically replaced with fresh cuticle, a process essential for proper growth and development of insects (Merzendorfer and Zimoch 2003) . Both forms of insect trehalase, namely Tre-1 and Tre-2, are shown to participate, though differently, in the activation of chitin synthesis pathway in insects. Chitin biosynthesis utilizes trehalose as the starting substrate and the pathway involves eight enzymes, trehalase being the first and chitin synthase being the last in the cascade. Chitin synthase A (CHSA) mainly exists in the cuticle while chitin synthase B (CHSB) is the major contributor in peritrophic matrix (Merzendorfer and Zimoch 2003; Xie et al. 2013) . RNAi studies in Spodoptera exigua demonstrated that interference with Tre-1 and Tre-2 adversely affected CHSA and CHSB, respectively (Chen et al. 2010) . In Locusta migratoria, the expression pattern of Tre-1 during molting was also found to be very similar to that of CHSA (Liu et al. 2012) . Another experiment described that over-expression of trehalase genes increased the mRNA levels of four other genes which are involved in chitin biosynthesis, including CHSA and CHSB (Chen et al. 2010) . Inhibition of trehalase would simply indicate insufficient glucose content (which is required in large amounts for chitin synthesis) thereby affecting chitin formation. Thus, changes in the expression levels of the two trehalase genes have been shown to affect chitin biosynthesis in insects. Additionally, ecdysone has been reported for its dramatic regulatory role on chitin synthase genes via its role on trehalase activity during metamorphosis (Gu et al. 2009; Chen et al. 2010 ). Thus, it could be speculated that regulation of chitin synthesis by ecdysteroids is aided by trehalase transcription and expression ( Figure 9 ).
Stress recovery
Some organisms are able to survive extreme environmental stresses by entering into a latent state of suspended animation known as "cryptobiosis" (Giard 1894) . Depending upon the abiotic stressor in question, cryptobiosis can be further categorized as anhydrobiosis (desiccation stress; lack of water), cryobiosis (chill stress; cold temperature), anoxybiosis (aerobic stress; lack of oxygen) or chemobiosis (chemical stress; presence of toxin). Cryptobiotic organisms possess a remarkable ability to sustain the latent state from few days to several months until the return of favorable conditions upon which they resume active life. Survival of these organisms under such stressful conditions has often been correlated with the accumulation of compatible solutes, mainly sugars. Owing to its unique physicochemical properties, trehalose is the preferred solute found in several taxa of plants as well as animals.
It is synthesized as a stress-responsive or an anti-stress metabolite when cells are exposed to environmental stresses. Being a non-reducing sugar, trehalose demonstrates exceptional stability and does not undergo the characteristic Maillard reaction that is known to cause cellular damage. It stabilizes cellular membranes and protects proteins by replacing water molecules and facilitating cytosolar vitrification (Crowe et al. 1984; Singer and Lindquist 1998; Kaushik and Bhat 2003; Benoit et al. 2007; Sakurai et al. 2008; Jain and Roy 2009 ). In the context of desiccation stress, the chironomid midge Polypedilum vanderplanki is known to sustain the dry state by its ability to synthesize higher amounts of desiccation-induced trehalose (Watanabe et al. 2005; Cornette and Kikawada 2011) . Polypedilum vanderplanki is the strongest desiccation tolerant organism among higher invertebrates and once desiccated, is known to be capable of tolerating other stressors including radiation, chemicals, hypoxia and temperatures. The antarctic midge, Belgica Antarctica, is also known to accumulate higher concentrations of trehalose in response to dehydration periods in the antarctic environments (Benoit et al. 2009 ). Desiccation tolerance in other insects like Drosophila melanogaster and mosquito has also been attributed to the stress protectant ability of trehalose (Juliano et al. 2002; Thorat et al. 2012) . Several other experiments have also revealed that along with the massive production of trehalose, other polyols, late embryonic abundant proteins, antioxidants and heat shock proteins aid in protecting proteins and membranes against desiccationtriggered aggregation and denaturation Mitsumasu et al. 2010 ) ( Figure 10A ). Although trehalose can be considered as a reliable biomarker for desiccation tolerance, some organisms are known to combat desiccation without the involvement of trehalose thereby suggesting its species-specific involvement amongst desiccation tolerant organisms (Tunnacliffe and Lapinski 2003 and references therein) . Upon rehydration with water, desiccation tolerant organisms undergo altered permeability of the cuticle and an enhanced expression of trehalase which breaks down trehalose providing energy for cellular reactivation ( Figure 10B ). Although trehalase acts as a stress recovery factor, its in-depth mechanism still remains poorly understood.
Insect trehalase: Target for insect pest control
Due to the increasing pesticide resistance amongst insects, there is a need to develop new effective methods to control pests. Development of novel targets based on unexploited biochemical pathways is a promising area towards formulating strategies for insect pest control. Since trehalase plays an essential role in insect glycometabolism and homeostasis, it has been considered as a possible target for insect pest control. Exposure of insects to insecticides like fenitrothion was found to affect trehalose catabolism (Forcella et al. 2007 ). Several trehalose mimetics and analogs have thus been proposed as potential fungicides or insecticides due to the biological relevance of trehalose and trehalase (Asano et al. 1987; Daviess and Henrissat 1995; Asano 2003) . Trehalase is highly specific to trehalose and hence is competitively inhibited by most glycosidase inhibitors. It must be noted that there is a significant difference in the substrate affinity and degree of inhibition between insect and mammalian tissues. This suggests that although trehalase is an evolutionarily conserved protein, there occur certain molecular features which could be exploited to develop novel pesticides (Forcella et al. 2010; Bini et al. 2012) . Most of the trehalase inhibitors reported to date are chemically Fig. 9 . Chitin synthesis in insect and effect of trehalase: (1) chitin biosynthesis showing first and last step in pathway; (2) trehalase (Tre-1 and Tre-2) interference revealed adverse effect on transcripts of CHSA and CHSB, respectively; (3) ecdysone hormone (Ec) causes dimerization of two nuclear proteins (EcR and USP) which activates the CHS gene transcription by binding to EcRE. Findings suggested decrease in EcR transcription when trehalase transcription was disrupted; (4) effect of Ec on trehalase activity, the mechanism yet to be known. CHS, chitin synthase; EcR, ecdysone receptor; USP, ultraspiral protein; EcRE, ecdysone response element.
iminosugars (nojirimycin and pyrrolidine derivatives) or pseudosaccharides ( Figure 11 ). Iminosugars are polyhydroxylated secondary and tertiary amines which resemble mono or disaccharide sugars with the ring oxygen replaced by nitrogen atom (Nash et al. 2011) . Iminosugars along with certain β-glucosides which imitate glucose units, fall under the catalysis-site targeting inhibitors (Silva et al. 2004; Forcella et al. 2010) . Pseudosaccharides are amide-linked sugars where the glycosidic oxygen atom is replaced by an amide group (Blanco et al. 2010) . These are structurally similar to trehalose and mimic its transition state during the reaction, synergistically interacting with both the subsites (nitrogen-containing heterocycle with the recognition site and sugar moiety with the catalysis site) (Bini et al. 2012) . These compounds Fig. 10 . Summary of proposed events occurring in insect larvae during desiccation and recovery period: DRE, desiccation responsive element; aqp, aquaporins; LEA, late embryonic abundant; TPS, trehalose 6-phosphate synthase; TPP, trehalose 6-phosphate phosphatase; TRET1, trehalose transporter; G6P, glucose 6-phosphate; T6P, trehalose 6-phosphate; TREH, trehalase; TREH-In, trehalase inhibitor. Asterisk denotes suppression of trehalose synthesis in fat body cell. act as competitive inhibitors targeting one or both the subsites in the active center of the enzyme and are able to specifically block trehalase activity in micromolar or submicromolar range (Anzeveno et al. 1989; Knuesel et al. 1998; Kato et al. 2003; Gibson et al. 2007; Cardona et al. 2009 ).
Conclusions and future perspectives
Trehalase, an inverting glycosidase, is an evolutionarily conserved enzyme that plays a fundamental role in insects forming the major link between trehalose metabolism and glucose transport and glycolysis in insects. The two forms of insect trehalases, namely Tre-1 (soluble form) and Tre-2 (membrane bound form), are comparable with the acidic and neutral forms of fungal trehalases which function to catabolize extracellular and intracellular trehalose, respectively (Jorge et al. 1997 ). Due to its crucial role in carbon metabolism in insects, inhibitors against trehalase have been proposed to form the future class of insecticides. Studies concerning alterations of trehalase activity in vivo are of great interest because of the involvement of glucosidases in a wide range of life processes. Inhibitors to trehalase have been shown to impart insecticidal or larvicidal action, by arresting insect growth, development and flight (Wegener et al. 2003; Forcella et al. 2010) . Unfortunately, despite the remarkable efficacy, potency and specificity shown by some inhibitors, there are few difficulties with the practical use of these compounds as insecticides. Major reasons include their poor absorption through insect cuticle and poor stability (Asano 2003; Gibson et al. 2007 ). Furthermore, there also occurs some discrepancy between their in vitro and in vivo potency (Knuesel et al. 1998) . Thus, exploiting the available methods and improving the mode of targeting, potential trehalase inhibitors should pave way for development of novel insect pest control agents. However, comparative studies with trehalases from species belonging to different insect orders need to be explored to ascertain whether the inhibition is detrimental for the non-target/beneficial insects and crop plants and whether any shared features exist amongst the agricultural pests. The in-depth action, mechanism and biochemistry of trehalase deserve more investigation to help understand its structure and functions properly, so that its uses and applications can be further explored.
